Introduction
Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants ubiquitous in the environment. They possess stable physical and chemical properties. PAHs mainly arise from an incomplete combustion of fossil fuels, volcanic activities, and organic materials, 1 such as litter and tobacco. These compounds even can be detected in dry corn after burning wood. 2 PAHs are easily adsorbed by solid particles due to their strong hydrophobicity. Studies have shown that high concentrations of PAHs accumulated and were spread in rivers, lakes and marine sediments. Therefore, most of the adsorption was usually in sediments. 3 PAHs in soil, in the atmosphere and in plants may enter the body of animals by contact with the skin, through respiration and the food chain, causing adverse effects. 4 Studies have shown that the binding of Aryl hydrocarbon receptor (AhR) ligands with contaminants is strong and not easy to separate. This has an important effect on the transcription and expression of receptors italicize. 5 By using the AhR pathway, an assay for the detection of PAHs extracted from soil, clays, sludges, sediments and solid waste has been optimized. This assay achieves a limit of detection (LOD) of 5.2 × 10 -11 M B[a]P. 12 Results show that the determination of benzene and pyrene in water and sediments by ELISA is below the sensitivity limits of GC-MS-spectra. 13 Anthracene (Ant) is a polycyclic compound containing three benzene rings. It becomes easily enriched in organisms because of the stable benzene ring. In this investigation, antigen (AhR-Ant) was coupled to AhR of carp domesticated in an environment full of Ant. In this way could be established an indirect competition ELISA (ic-ELISA) with antibodies for AhR-Ant. The specificity, stability and recovery of ic-ELISA were checked with the samples to provide technical support for detection of PAHs in the environment for environmental and ecological risk assessment.
binding remained in the well after washing. The secondary antibody of the HRP-IgG was loaded, then the chromogenic agent was added. The color depth was positively correlated with Ant concentration. After incubation for 15 min, the reaction was terminated. The detection scheme is diagramed in Fig. 1 .
Reagents and chemicals
Anthracene (Ant, 98.5%) was bought from Beijing Braun Technology Ltd. AhR from carp (Cyprinus carpio) and the coupling of AhR-Ant were performed according to a previous study.
14 Rabbit blood, HRP-conjugated goat anti-rabbit IgG (HRP-IgG), and 3,3′,5,5′-tetramethylbenzidine (TMB) were obtained from, ELISA Co. Ltd and antibodies of AhR-Ant produced by infected rabbits were purchased from Shenggong Biotechnology (Shanghai, China). Gelatin and Tween-20 were bought from Sinopharm Chemical Reagent Co., Ltd.
Solutions and buffers
The solutions and buffers used were as follows, carbonate buffer solution (CBS): NaHCO3 0.035 M, Na2CO3 0.015 M, pH adjusted by HCl and NaOH to 7.4; phosphate buffer solution (PBS): NaCl 0.14 M, KCl 0.003 M, Na2HPO4 0.01 M, KH2PO4 0.002 M, pH adjusted to 7.4; washing liquid (PBS-T): 5 Tween-20 diluted by PBS; chromogenic reagent (TMB): TMB 0.1 mg mL -1 ethanol solvent (4%), citric acid 5.1 mg mL -1 , Na2HPO4 7.8 mg mL -1 , and hydrogen peroxide solution (30%) 1 μL mL -1 .
Titer of antibody
Methods used in this study are based on earlier literature. 15, 16 AhR-Ant (AhR 1 mg mL -1 , Ant 10 -5 mg mL -1 ) was diluted 2000 times with 0.05 M CBS. A volume of 100 μL was used for the ELISA, packaged 12 h at 4 C, and a blank control and a negative control (rabbit blood) were set at the same time. After removal of the liquid, it was washed three times with PBS-T and dried. The blocked solution was added to 200 μL (0.1% gelatin diluted with PBS), packaged at 37 C for 2 h, washed and dried. The AhR-Ant antibody-solution was diluted with PBS to 1:4000, 1:8000, 1:16000, 1:32000, and 1:64000, and of this, 100 μL was used for the ELISA, packaged 1 h at 37 C, washed and dried. The HRP-IgG was diluted with PBS to 1:1000, packaged 1 h at 37 C, washed and pat dry. Then a volume of TMB of 100 μL chromogenic reagent was added to the microplate at room temperature. After 15 min, stop solution of 50 μL (2 M H2SO4) was added to the microplate, then the final mixture solution was put into the Micro Reader and measured at OD = 450 (OD450) and OD = 630 (OD630). The final result was expressed as OD values.
Optimal concentration of coated antigen and antibody
Referring to the phalanx titration, 17 AhR-Ant antigen was diluted to 1:500, 1:1000, 1:2000, 1:4000, 1:8000, 1:16000, and 1:32000 with CBS, and antibody of AhR-Ant was diluted to 1:1000, 1:2000, 1:4000, 1:8000, and 1:16000. The blocking solution, HRP-IgG, TMB, stop solution, method of optimal incubation, time, temperature and detection were the same as above. OD values of the sample were recorded to determine the best concentration for this study.
Optimal usage of HRP-IgG
The best working concentrations of AhR-Ant antigen and AhR-Ant antibody were determined in the previous step. HRPIgG was diluted to 1:500, 1:1000, 1:2000, 1:3000, 1:4000, and 1:5000, and a sample of 100 μL was taken. Other steps were the same as above, and then the OD values were recorded.
Packaging conditions
A working concentration of 100 μL antigen was added to the ELISA plate, and placed for a period of time under different conditions: for 12 h at 4 C, 1 h at 37 C, 2 h at 37 C, 3 h at 37 C, 1 h at 37 C then 12 h at 4 C, 2 h at 37 C then 12 h at 4 C, and 3 h at 37 C then 12 h at 4 C, respectively. The other steps were done as above to record the OD values.
Optimum blocking
Eight different blocking solutions were tested, 0.1% gelatin, 0.5% gelatin, 1% gelatin, 1% skim milk, 1% BSA, 1% OVA, 1% PVA, 1% PEG. The working concentrations of AhR-Ant antigen and antibody were measured as above to record the OD values.
To select the best blocking solution, following the steps above, 200 μL of the blocking solution was added to each hole and incubated at 37 C for 30, 60, 90 and 120 min, respectively. And then the solutions were tested at 4, 25, 37 and 45 C.
Immune time and temperature
Under the optimum conditions, the incubation temperature of the antigen and antibody were set at 4, 25, 37 and 45 C, respectively. The incubation time was 0.5, 1.0, 1.5 and 2.0 h, respectively. The other steps were the same as above, the OD values of the sample were recorded. The same set method was used to determine the optimal combination of antibodies and HRP-IgG.
Standard curves and detection limit
The most optimal working conditions from above were used for standard curves. Ant was texted at 10, 20, 50, 100, 200, 500, 1000, and 10000 ng mL -1 in acetone and ultra-pure water (1:9), with antibody (diluted by PBS with AhR 1 g L -1 ) in 50 μL added to a different well, respectively. The standard curve was plotted with Ant on the x-axis and the inhibitory rate as the y-axis. The detection limit of Ant 10 ng mL -1 was determined after 11 replicates, according to the results of calculation.
Cross-reactivity
Naphthalene (Nap), phenanthrene (Phe) and fluoranthene (Flu) were prepared in the same manner as for Ant. The half inhibitory concentration (IC50) and cross reaction rate (CR) were determined as described above.
Precision and recovery
The standard Ant solution contained 0, 10, 50, 100, and 1000 ng mL -1 and was used to determinethe OD values at different times using five parallels. The values were used to calculate the coefficients of variation.
Samples originated from a lake and a river at Songjiang in Shanghai. The concentration was set to 20, 50, and 100 ng mL -1 ; testing method was the ic-ELISA as above with three parallels. SD: Estimating standard deviation of samples, which was obtained by the Excel "STDEV" command; Note: when P/N >2.1, the verdict is positive.
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Results and Discussion
Antibody titer
The crosslinking of AhR and Ant was proven by FTIR-ATR measurement (wavelength 2400 -600 V cm -1 ).
The AhR characterization by different concentrations of Ant showed that different characteristic peaks were obtained according to the combination of AhR and anthracene.
14 Thus, the immune serum from rabbits needs to be tested to determine whether it can react with AhR-Ant antigens.
PAHs are small molecules of the hapten, which are immunoreactive, but not immunogenic. They need to be coupled with macromolecular proteins in order to obtain corresponding antibodies. The immune serum obtained in this experiment contained antibodies for AhR-Ant. Antibodies and their antigens combine specifically. The combination requires the determination of the titer of the antibody to indicate whether the immune response proceeded smoothly.
The antibody titer is representative of the concentration or content of the serum. Table 1 indicates that a dilution of 4000 times the P/N value is 20.8. A faster increase in antibody dilution will cause the P/N value to decrease. The antibody titer refers to the content of antibodies in the serum. The antibodies can remain immunologically active for three months at 4 C. A positive result was obtained if the antibodies were diluted 64000 times (for a 8.1 > 2.1 P/N value). In this experiment, the AhR-Ant antibody titer was 1:64000. This antiserum was the best. It was stored at -20 C and it was polygonal and free from freezing and thawing.
Optimal concentration of coated antigen and antibody
There is a certain quantitative relationship for antigen and antibody, which promotes the strongest reaction. At the optimal proportion, 19 antigen or antibody excess concentrations will affect the final OD value. The effects of different antigen and antibody concentrations are shown in Table 2 . With the decrease of the antibody concentration, the OD had a downward trend, while the variation of the antigen did not cause such an effect. The above results indicate that the antigen-antibody reaction is an equilibrium reaction, which may appear to be of low sensitivity, because of the interactions between proteins or adsorption of proteins and the enzyme labeled surface (polystyrene). An ideal working concentration between antigen and antibody results in an OD close to 1.0 and this was selected. The proportion of antigen and the antibody needs to be controlled to save this concentration of antibodies. 19 The dilution antigen concentration of 1:2000 and the antibody concentration of 1:8000 were used as coating concentrations of antigen and antibody.
Optimal usage of HRP-IgG
The concentration of antibodies is determined through the HRP-IgG, which was marked with horseradish peroxidase and reflected the content of the sample. The antibody binding site was goat anti-rabbit IgG, which differed from the antigen and antibody binding sites in this study and did not react with antigens or primary antibodies. 16 Different concentrations of HRP-IgG test results are presented in Fig. 2 . Along with an HRP-IgG increase of dilution, the OD value decreases. For an OD value close to 1.0, the HRP-IgG was attenuated 2000 times, and the P/N ratios reached the highest value. Obviously there is a trend for P/N: first an increase and then a decrease. When the dilution of HRP-IgG amounted to 2000, the P/N value was highest, and the OD had the best effect with positive holes. This 2000 times dilution of HRP-IgG was thus determined to be the optimal working concentration.
Packaging conditions
Packaging is the process of antigen and antibody binding to the solid surface. The combination of physical adsorption and adsorption capacity of the protein adsorbed on the solid polystyrene carrier is influenced by temperature and time, according to the adsorption kinetics. The effect of coating conditions on the results is shown in Fig. 3 OD; P/N values appear to decrease when packaging was done at 37 C for 1, 2 and 3 h. A similar trend has been found if the sample was placed for 12 h at 4 C. Although the temperature was lower, a more satisfactory performance was determined if packaged for 12 h at 4 C. The reasons for this phenomenon may be as follows: on the one hand, high temperature for a long time may make the antigen unstable. Thus, OD or P/N values were relatively low. On the other hand, a dynamic process of adsorption existed in packaging. Consequently, the desorption rate was greater than the adsorption process if the temperature is kept at 37 C. In this ELISA study, the coating conditions were optimal with 12 h at 4 C.
Optimum blocking
"Closed" means that the package was re-packaged at a high concentration by using an unrelated protein solution. "Closed" filled the remaining space on the surface by the antigen and was occupied by other unspecific proteins. The molecules of the "closed" solution adsorbed by Van der Waals forces on the enzyme label occupied the antibody and did not occupy the space. This is a physical adsorption process, which is unstable and gives rise to easy desorption. This suggests the need for exploration of the optimal closing conditions. As shown in Fig. 4(a) , for gelatinous in concentrations of 0.1, 0.5 and 1% close solutions, there were small differences in the OD values at 1.042, 0.952 and 1.04, respectively. The same result was also obtained with 1% skim milk. As soon 1% gelatin was determined to be the best blocking solution because it has the highest P/N value and it is easy to wash. It is clear from Figs. 4(b) and 4(c) that the best results for blocking were obtained at 1 h and 37 C.
Time and temperature of immune
Two antigen-antibody interactions, by adding antibody and secondary antibody (HRP-IgG), are the key process of the ELISA method. The response time will be affected by the The OD and P/N values in different coating conditions. 1, Packaged 12 h at 4 C; 2, packaged 1 h at 37 C; 3, packaged 2 h at 37 C; 4, packaged 3 h at 37 C; 5, packaged 12 h at 4 C after being placed 1 h at 37 C; 6, packaged 12 h at 4 C after being placed 2 h at 37 C; 7, packaged 12 h at 4 C after being placed 3 h at 37 C. nature of the antigens and the antibodies as well as external conditions, including temperature, electrolytes and pH. 20 The efficiency of detection will be reduced by a short reaction time because of an inadequate reaction of antigen and antibody. On the other hand, a long reaction time would be an inefficient use of time. So it was important to determine the optimal response time for the antigen and the antibodies. 21 All the measurements shown in Tables 3 and 4 are valid feedback (P/N > 2.1). The results of the OD measurements of antigen and antibody increase at first and then decrease. With the increase of incubation time or temperature, there was a reversible translation between antigen and antibody. The dissociation rate was greater than the association rate, and the combination efficiency was reduced by high temperature or long-term incubation. A incubation at 37 C for 60 min achieved the best effect between the antigen and the antibodies as well as between the antibody and HRP-IgG. This is similar to the general ELISA kit for the required incubation conditions.
Standard curves and detection limit
A linear relationship was calculated from 10 to 10000 ng mL -1 . The relevant equation is: Y = 21.326 × X + 1.8213 (R 2 = 0.9826, X: logarithm of sample concentration; Y: inhibitory rate; shown in Fig. 5 ). The SD is 0.81 ng mL -1 , according to the medium value from 11 samples, as shown in Table 5 . The detection limit of this method is 2.43 ng mL -1 (three times of SD can be considered as a detection limit).
Cross-reactivity
Cross reactivity is the ability of an antibody to bind to other macromolecular proteins with different determinant structures. Some proteins could show cross reactivity with antibodies of the same epitope. The higher the cross reaction rate, the stronger is the ability of the antibody to identify the substance, and vice versa. , polycyclic aromatic hydrocarbons were tested. 9 The data indicate that PAHs with a low number of rings or low molecular weight have almost no cross reaction, while the cross reaction rate increased for those with a more complex structure. The data show that the cross-linking reaction for benzo [a] anthracene is up to 149%. The reason may be the use of artificial antigen in the preparation of these antibodies. This way lead to concealment of the characteristics of the hapten structures by macromolecular carrier protein and the antibody cannot recognize these polycyclic aromatic hydrocarbons. 24 The crossreaction rates for Nap, Phe and Flu, have a similar structure with Ant, which was determinated with antibodies against Ant by the indirect competitive ELISA method established in this paper. Table 6 shows that the CR of the antibodies for three kinds of PAHs are 5.7, 19.1 and <0.1%, respectively. This indicates that the antibody has good specificity, and can be used to detect Ant.
Precision and recovery
The range of coefficient of variance (C.V) was between 4.2 and 9.5%, which was detected in different wells (shown in Table 7 ) and different plates (shown in Table 8 ). The coefficient varied less than 10% between the different wells and plates. Thus, the method for the determination of Ant can be used to determinate trace amounts of Ant in the environment.
The indirect competitive ELISA method was validated by testing for Ant in three kinds of water samples. The results are shown in Table 9 . Ant did not appear in tap water, while in lake and river samples Ant occurred at different degrees. Recovery calculation values were stable at 90 -115%, and the C.V ranged between 3.9 to 9.5%. These results are satisfactory for detecting Ant in lake and river water samples.
Conclusions
The antibody/antigen titer was 1:64000. This was used and optimized with the ELISA to detect trace amounts of anthracene in the environment. The standard curve is Y = 21.326 × X + 1.8213, and detection range is defined from 10 to 10000 ng mL -1 . The limit was 2.43 ng mL -1 . The specificities were CR of Nap and Phe, Flu are 5.7, 19.1 and less than 0.1%, respectively. The C.V range of variation was between 4.2 and 9.5% for different enzymes and different wells. Recovery calculation values were stable at 90 -115%, and C.V rangeds from 3.9 to 9.5%. The detection method ic-ELISA for anthracene is sensitive. However, the enzymes should originate from the same manufacturer and the same batch, the method requires to use freshly prepared reagents to reduce errors. 
